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ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS:
Emphasis has been placed on the analysis of multi-instrument experiments

investigating the physics of the auroral oval/polar cap boundary and the vicinity of

the plasmapause and inner edge of the ring current at mid-laitudes utilizing existing
data sets from Millstone Hill and other incoherent scatter radars and available
satellite overflights and supporting ground-based information. Ionospheric
signatures of the cusp and the mechnaisms involved in large-scale plasma transport
into the polar cap during magnetic storms have been investigated. Data from Air
Force sensors on DMSP satellites have been combined with ground-based
observations to examine intense oxygen ion outflow, localized intensifications of the
convection electric field, and SAR arcs all of which occur equatorward of the main
auroral enhancements during geomagnetic storms. The characteristics of the ring
current and plasmasheet particle populations are closely coupled to these
ionospheric phenomena.
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INTRODUCTION

Multi-instrument studies address short time scale variability over a large span of
the high-latitude region. The two-dimensional character of the observation
techniques used permit mapping between observation sites, thus placing detailed
features in perspective and obtaining the greatest information from the available
data. Important ionospheric phenomena, including large-scale plasma transport,
spatial/temporal characteristics along the auroral oval/polar cap boundary, the
generation of detached regions of enhanced ionization and irregularity-producing
structures, and plasma wave processes and heating, are particularly amenable to
study by multi-instrument techniques. Emphasis has been placed on the analysis of
multi-instrument experiments investigating the physics of the auroral oval/polar cap
boundary utilizing existing data sets from Millstone Hill and other incoherent scatter
radars and available satellite overflights and supporting ground-based information.

RESEARCH AcTIvITiEs

Radar-satellite studies during the February 8-9, 1986 great magnetic storm
provide excellent examples of the application of multi-instrument techniques to
investigate challenging magnetosphere-ionosphere coupling problems. The
Millstone Hill radar operated throughout the storm period, observing a number of
unusual phenomena. In-situ observations of ring current and plasma sheet particles,
electric fields, and UV satellite images over the North American sector have been
examined and a series of three research papers have been prepared based on this
most interesting event.

A). Enhanced Heavy Ion Outflow

Local ionospheric observations with the Millstone Hill incoherent scatter radar
have revealed an upward ion bulk velocity in excess of 3 km sec- 1 at 1000 km
altitude during the very large magnetic storm on 8 February 1986. The upward flux
of 0+ ions exceeded 3x109 cm- 2 sec-1 at 420 geodetic latitude (55°A) for a three-
hour period around 18 MLT during the event. Figure 1 presents altitude profiles of
ionospheric parameters observed over Millstone Hill with the zenith-directed 68 m
antenna during this event. Frictional ion heating with ion temperatures in excess of
4000*K at 500 km altitude was observed by the radar in the vicinity of the ion outflow
event and satellite observations place the ion outflow event within a region of intense
ion and electron precipitation on field lines associated with the storm-perturbed ring
current.



Yeh and Foster [1990] have examined this event and find that for a one-
dimensional analysis of the observed plasma profiles, continuity considerations
indicate a region of intense 0+ production (200 cm- 3 sec-1) as well as significant
upward acceleration (5-10 m sec- 2) in the region between 600 km and 800 km
altitude where the outflow approaches supersonic speed. Ionizing collisions and
subsequent momentum transfer involving fast backsplash neutral 0 atoms produced
by ring current heavy ion precipitation can account for the observed outflowing
thermal 0+ fluxes in this case. Alternately, the outflow event can be explained in
terms of a time-dependent diffusion process triggered by a sudden change in the
frictional heating rate in the collision-dominated F region. These observations
indicate that the mid-latitude ionosphere constitutes a significant source of upflowing
thermal 0+ fluxes during intense magnetic storms.

B). Storm-Time Convection Electric field

Under disturbed geomagnetic conditions, the latitudinal profile of the westward
ion convection (equivalent to poleward electric field) observed with the Millstone
Hill incoherent scatter radar at dusk, often exhibits a double-peak (dual maxima).
During the peak of the February 8-9, 1986 magnetic storm, the Millstone Hill radar
was in the evening local time sector (16-22 MLT). Radar observations, reported by
Yeh et al. [1990], indicate that high speed (>1000 m s-1) westward ion flow
penetrated deeply below 50' invariant latitude (A) and persisted for 6 hours between
2100 UT on February 8, and 0300 UT on February 9. The double-peaked ion
convection feature was pronounced throughout the period and the separation in the
dual maxima ranged from 4* to 100. Figure 2 presents the radar-deduced latitude
variation of westward plasma convection velocity and F region plasma density for two
such events along with ion and electron particle data obtained during overflights of
the DMSP satellites.

During the February, 1986 storm the latitude positions of the high-latitude ion
drift peak and the convection reversal varied in unison. The low-latitude ion drift
peak (-49"A or L=2.3) did not show significant UT/MLT variation in its latitude
location, but showed a decrease in magnitude during the initial recovery phase of the
storm. Using simultaneous particle (30 eV - 30 keV) precipitation data from the
DMSP F6 and F7 satellites, we find the high-latitude ion drift peak to coincide with
the boundary plasma sheet/central plasma sheet transition in the high ionospheric
conductivity (>15 mhos) region. The low-latitude ion drift peak lay between the
equatorward edges of the electron and soft (< 1 keV) ion precipitation in the low
conductivity region (-1 mho). A comparison between the low-altitude observations
and simultaneous ring current observations from the high-altitude AMPTE satellite



further suggests that the low-latitude ion drift peak is collocated in magnetic latitude
with the maximum of the 0+ dominated ring current energy density. The low-
latitude ion drift peak is the low-altitude signature of the electric field shielding effect
associated with ring current penetration into the outer layer of the storm time
plasmasphere. Unlike the transient and localized subauroral ion drifts (SAID), the
intense westward ion drifts developed in response to heavy ion ring current shielding

during a great magnetic storm can decouple from the high latitude electric field and
penetrate to very low-latitudes, and persist for long durations in the dusk and early
afternoon MLT sectors. The resultant westward ion convection can have profound
effects on the transport of dayside F-region plasma toward the polar cap and on the
generation of heavy ion outflows at mid-latitudes.

C). Multi-Instrument Studies of the Cleft Ionosphere

During the magnetic storm of February 8-9, 1986, the region of strong ion
convection in the vicinity of the dayside cusp expanded equatorward into the field of
view of the Millstone Hill radar at lower mid-latitudes. High-speed (>1.5 km s-1)
poleward ion flows were found at latitudes as low as 600 invariant latitude, at least 100
lower than the typical cleft/cusp position for moderately disturbed (Kp>4)
magnetospheric conditions. The ion velocity pattern responded promptly to changes
in the interplanetary magnetic field By direction. The large-scale two-dimensional
convection pattern across the dayside was well resolved using radar azimuth scan
data at Millstone Hill, thus enabling us to place the fine-scale radar/satellite
observations of the storm time cusp and cleft in the context of the large-scale pattern.
Yeh et al [1991] presented a detailed comparison of radar and DMSP F7 satellite
observations in the prenoon sector during a period of Kp > 7, to examine the low-
altitude signatures of various plasma regions in the vicinity of the cusp. The
combination of particle precipitation, magnetic field perturbation, radar

measurements of ion heating, and convection consistently suggests the unusual low-
latitude position of cusp at 65° invariant latitude. Boundary plasma sheet particles
were observed to coincide with a narrow region of magnetic-field-aligned currents,

and with antisunward convection flows at the equatorward edge of the cleft. The

radar and satellite observations indicate that the storm time cleft and cusp at
ionospheric altitudes retain the general characteristics revealed in their average
configuration. Particle and field signatures of the plasma sheet, plasma sheet
boundary layer, low-latitude boundary layer, cusp, and mantle were identified at
unusually low magnetic latitude in the 9-10 magnetic local time sector during this

event.



D). Studies of the Cusp and Polar Cap Boundary

Azimuth scanning experiments with incoherent scatter radars can produce two-
dimensional maps of plasma characteristics and electric fields which span the auroral
oval - polar cap boundary in the vicinity of the dayside cusp and cleft. The
Atmospheric Sciences group at Millstone Hill has pursued a series of investigations
of this important region using combined radar and satellite data sets and this work is
continuing with a study of plasma transport into the polar cap from the low latitude F
region. Initial resuils suggest that this mechanism constitutes an important source for
the polar cap ionization patches which lead to irregularity growth and intense polar
scintillations. Figure 3 presents a radar elevation scan which reveals dramatic
ionospheric density structure in the vicinity of the noontime cleft during an intense
magnetic storm. Observations of the convection electric field associated with this
region show that such discrete, intense density enhancements are transported rapidly
poleward into the polar cap. Foster [1992] has described the occurrence of such
effects at mid and high-latitudes.

E.) Satellite/Ground Observations of a SAR Arc

Extensive incoherent scatter radar data were obtained during multi-radar World
Day operations during a major magnetic storm in March, 1990. DMSP satellite
overflights through the field of view of ground-based radar and optical observatories
at Millstone Hill have been analyzed during the occurrence of a stable auroral red
(SAR) arc near the Millstone latitude. Figure 4 presents simultaneous data obtained
during this event which co-locates the SAR arc with a deep ionospheric trough and a
localized enhancement of sunward convection, equatorward of the auroral particle
pecipitation. These conditions are similar to those discussed by Yeh et al [1991] and
discussed in section B, above. Radar and optical observations monitored the SAR
arc for over 4 hours and a detailed analysis of the event is proceding.
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Figure 1. Altitude profiles of ionospheric plasma parameters

obsrved with the Millstone Hill zenith-directed antenna during
the large magnetic storm of Feb. 8, 1986. Between 600 km and 800
km the upward-directed velocity increases to >2000 ms-i and ion
and electron temperatures, exceed 4000"K and 70000K, respectively[Yeh and Foster, 1990].
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the ring current, between the 1-w-latitude electron and ion
precipitation boundaries [¥eh et al., 1990b]
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